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of controlled remelting of or laser metal forming on the surface 



Method 

of an article 



FIELD OF THE INVENTION 



The invention relates to a method of controlled remelting of o, laser metal 
forming on the surface of articles according to the claim 1 and 2. 

BACKGROUND OF THE INVENTION 

|„ the last years laser metal forming (IMF) has been introduced in industriel 
manufacturing. Laser metal forming is a process where a high power laser 
iocally meits a fooussed stream of metal powde, or a metal wire onto a .sub- 
strate, in this way material can be added to the underlying part. The method is 
suitable for controlled material build-up and the laser generated parts are 
characterised by a dense micros.ruc.ure which is usually free o, pores. 

User metal forming has been recently used for commercial manufacturing , of 
superailoys due to its attract potential for repair of be* damaged or worn 
parts indeed, it is possible to selective* add material a. desired .oca.,ons and 



10 



PCT/CH03/00098 

WO 03/070414 2 

t0 re-establish the fu» .undone of a component ,» is dear that laser repair 
technology is particularly attractive for the refurbishment o, expense parts 
C are ZJL by local damage or tocal mechanical wear. Turbtne btades 
and vanes are typical examples. 

Hole,, the pleas Is complicated when single-crystal components have ,0 
b e refurbished. Single crystal blades and vanes can be found ,n th most 

' Heavily loaded rows of modem gas turbines (firs, or high pressure row,. The, 
mechanical integrity relies on the partner properties due 
^restructure and the absence of grain boundaries. R econd,on,ng 
components is only feasible if *e single crystal microstructure can be mam- 
tained during the repair process. 

During laser mete, forming substrate materia, is locally molten and powder (or 
wira > -s inieoted into the me,, poo, w«h a suitable powder (or ^ ^ 
mechanism After a certain interaction time (which « determ,ned by the laser 
d the relative movement between laser and substrate) the molten 
material resolidifies leading to material build-up on the substrate. 

However, during the solidification o, the molten materia, new grains may form 
, in the me,, poo, due to constitutional undercooling o, the Itqurd mea The 
g Jl o, these newty farmed grains ,eads to undes,red build-up o egu.axed 
materia, , e. material that Is oriented in a random manner. As the thermome- 
£E Properties o, superalloys greaUy depend on the crystaitograp j 
Mentation and as SX crystal components rely on the bene,!, o, preferable 
B e tation i, is obvious that the consaguenca o, oguiaxed growth ,s a seno 
degradation o, me mechanical properties. Moreover, superalloys 
o Lain grain boundary stabilizing elements exbiba excessive creep w an 
unwanted gra,n boundaries are formed. For epitaxial laser ma. ****** - 
therefore cnjcial to ensure a completely SX microstructure of a part by 
30 ing the ao-called columnar to equlaxed transition (CET). 

• „ „™«,vial orowth i.e. growth with orientation 
One strategy for ensunng epitaxial growtn, ..e g 
matched to the substrate and without formation of new grams, s o use ^spe- 
cial process conditions. Laser parameters hava to be ad,us,ed in a manner 
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tha , a specific ratio be,ween temperature gradient G and the acidification 
" e Maintained. Bod, q uan,i,,es depend no, only on laser pararnete. 
I^as power, power densdy, advanoe speed bu, a,so on the propert.es of 
the substrate and powder (or wire) matenal. 

Those s«ed in the art o, iaser - forming are a,o aware that the onset of 
(marangoni) convection in tbe melt poo, is one o, the mam reaso ,o the 

nZred GET. initiaUon o, convecdan processes in the me,, poo, leads to 
SUn o, the fragiie dendrites the, ,orm during me solidificadon of the 
1 ten materia, By the effect o, conveotive transport dendrite fragments are 
: bul , ver the mei, poo, where they acts as nuCeation sites and pro- 
ZZ tormation o, epuiaxed materia,. Un,ortuna,e,y met, pooi —on 

: attected by Cher process parameters »Re mass teed rate, protec don ga 

stream, NeCion angie.-ln addition, marangoni convecdon is no. readdy de 

tectable without melt pool monitoring. 

So far several patente have been issued for the laser meta, forming process. 
So tar, severe H „ 8 g70 D g. C 1-199 49 972, US- 

The basic principle is described in EP-A1 0 K>s aru. 
A-5,873,960, US-A-S,622,638 or US-A-4,323,756. 

' The application o, epitaxial materia, build-up for pro.ec.ive coatings is covered 
ruS A-e.277,500. app.ica.ions for generation or refurbish men, or s,nCe 

components are described in US-A-6.024.792. EMM ™ 
W095/35396 or US-A-5.9t4.059. Except US-A-6,024,792 none o *es^ pa, 
25 ents mandons the significance o, the G. V. parameters ,n orde , to 

desired single crystoi nticrostructure. US-A-6,024.792 *~ 
power has to be set in a way to obtain adequate values for G and V how 
ever, does no, suggest a method for automatic laser power control or for 
avoiding melt pool convections. 

W A no,her patent application. WO95/03540 suggests the use ££££ 

Winn nf e 11De r alloy articles measuring the substrate pr« 
interactive laser welding of super aiwy 

heating temperature. 
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The collection o> optical signals from ma man poo, is a,ao 
6 122.564. in this patent, an optical monitoring ayatem ia connected to a feed 
back controller In order to adjust the material deposition rate dependmg on the 
Indicated height ol previously deposited material. 

' ,„ US-A-6.3H.099 an apparatus .or regulating laser welding parameter J. 
su9 gested ma. uses optica, signais from the interaction zona. In this paten 
tbe op»ca, signal is generated by near infrared radiation o rigmabng fron *. 
weld pool. The radiation is detected by a CCD camera and processed ,n order 
,o obtain information about the physical dimensions of the melt pool. 

SUMMARY OF THE INVENTION 

The object of the present invention is to provide a advanced method for con- 
Lad deposition o, remeltlng o, materia, on substrates avoiding ho. team* 
defects, the co,umnar to equiaxed transition (CET) and melt poo, conveCo, 
With materia, i, should be possible to daposi. material on single crystal sub- 
strates epitaxial with the base material or to transform a previously polycrys- 
j talline surface layer into single crystal material 

According to claim 1 a method was found of remeltlng of the surface of an 
Z and accords to Calm 2 a second method was found o, laser mate, 
forming on the surface of an article. 

The method can be used for remeltlng substrate materia, in order to re- 
establish a single crystal microstructure in the surface zones of the subsha te, 
to transform a previously poiycrystalllne surface layer into single orys a, mate- 
ria., to coa, single c^ste, ar«c,es with a single c^sta, coating or for ft. epa 
30 of single crystal turbine components. Due to matched ,hermo-phys,cal proper- 
soled and base materia, the method leads to reduced stress and 
therefore to greater lifetime of the components. 
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Wfth the online monitoring system end using eutomatic feed-back contro, o| a. 
,eas. one process parameter su* as iaser power it is possible to establtsh 
and maintain optimum process conditions. In .bis favorabie case the cotumnar 
,„ equiaxed transition (GET) and melt pool convection are avoided and 
temperature field is created in the melt pool which leads to defect-free ep- 
JL growth of the deposited materia,. Thus, it is possible to add new ma.ena, 
„Hnou. creation of grain boundaries. Beside the laser power process pa- 
rameters like the relative speed between laser beam and the substmte, the 
carrier gas flow and mass feed rate of added material can be controlled. 

Preferably as light source a flbre coupled high power diode laser is used. The 
inventive method combines laser power delivery, material supply and process 
monitoring in a dedicated laser/powder head. With this device the powder 
injection can be concentnc with respect to the cone of captured opfcel steals 
, r „m me me,, pool o, me cone o, captured optica, signa,s from the melt poo 
concentric with respect to the „gh, source focussing cone. With the he* o, a 
diohroitic minor infrared (IR) radiation from the met. poo, . coHected th ough 
the same optics which is used fo, laser focussing. The diohroitic minor trans- 
mits laser light and reflects process light or vice versa. 

' The process signa, from the melt pool can be coupled to a pyrometer or an- 
other fiber-coupled detector. For mis purpose me optica, 
monitoring system are chosen such that the measurement spot is smaller than 
the me,, poo, and ,oce,ed a. the center of the mef. pool. ,n a pre erred em- 

j5 podimen. according to me invention me opto, eigne, is captured from the 
center and vicinity of the laser focal spot using a sing,e optica, fiber, an ,mag- 
,ng fl ber bundle or a charged coupled device (CCD) camera ma, Is equipped 
with sui,ab,e optical fitters. This information ,s used to determine me ,em- 
perature a single spot or simultaneously a, several locations in me center and 

30 in the vicinity of the melt poo,. ,n a second case temperature grad,ents ,n the 
laser interaction zone can be analyzed. 
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The online feed back control of the laser power is decoupled from the main 
process control by means of a separate microprocessor. This allows faster 
parallel processing in real-time, i.e. independent from the operating system. 

In another embodiment post-processing of the optical signal from the melt 
pool is used for quality control: The analysis of the measured data allows to 
optimize process parameters such that a desired microstructure is obtained. 
Recording of monitoring signals serves also for documentation purposes and 
for ensuring consistent product quality. 

Moreover, dedicated commercially available software tools with enhanced 
functionality can be used for the realisation of the control system. As a conse- 
quence short loop times and advanced PID control features such as ga.n 
scheduling can be realised. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention are illustrated in the accompanying 

drawings, in which 

illustrates a gas turbine blade, 

illustrates an apparatus for carrying out the invention the present 
invention, 

Fig. 3 illustrates an overall control system for carrying out the inven- 
tion, 

25 Fig. 4 illustrates an example of the invention and 
Fig. 5 illustrates a second example of the invention. 

The drawings show only the parts important for the invention. Same elements 
will be numbered in the same way in different drawings. 

DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 shows a single crystal (SX) or directionally solidified (DS) article 1 
such as blades or vanes of gas turbine engines, the gas turbine blade com- 



20 Fig. 1 
Fig. 2 
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prising a root portion 2, a platform 3 and a blade 4 and having a surface 5. 
The article 1 can as an example be made .rem a nicke. or cobalt based super 
a.,oy. Invastmen. casting methods (or producing such SX or OS articles are 
known e.g. trom the prior art US-A-4,96.501, US-A-3,690,367 o, EP-A1-0 749 
, 790. These articles 1 are normally made from a nicke. or cobalt base super 
alloy. 

The herein disclosed method can be used for remelting substrate material of 
the article 1 in order to re-establish a single crystal (SX) micros.ructure h the 

,„ surface zones o. the substrate or to transform a previously polycrystalkne 
surface layer into SX materia,. In addition this method can be 
coating application on SX-artlcles 1 or .or the repair of single orysta (SX, 
.urbine components. The underlying single crystal bulk matanal w.ll act as a 
crystal seed for the remolten material. Due to matched thermo-physrcal prop- 

u erties me method leads to reduced stress and therefore to greater lifetime of 
the components. 

„ can be seen from the previous paragraph that high thermal gradients with 
the malt poo, 7 are crucial for single crysta. solidification. For this reason h,gh 

20 power lasers such as C0 2 , (fibre coupled) Nd-YAG or (fibre coupled, h gh 
power diode lasers offer a particularly attractive choice as a light source. La- 
ser radiate can be focussed to small spots and generate thermal gradients 
in excess of 10= K/m. I. is beneficial if the laser intensity is uniform over the 
heated area, which can be achieved by flbaroptic beam delivery. As laser 

„ power is very easily controlled, it is ensured that the criterion fo, s,ngle crystal 
solidification is maintained during the whole operation. 

„ during mis operation the ratio GW. (where G is the temperature gradient in 
the me,, poo,, n is a materia, constan, and V. is the solvation spee d) is M* 
,„ above a material dependent threshold value, the subsequent sol-cabon wil. 
occur apitaxially, i.e. without creating new grain boundanes. 

in a typical applioation the .aser wiU be fooussed to a spot size of 1-3 mm 
diameter. Preferably the laser would be either of the Nd-YAG or high power 
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dtode laser type. These lasers operate in the near Infrared and about 3040 % 
Z^Z radiation is absorbed by typlca, super alloys, me laser 
„„, move at relative* slow speeds (appro. 1-10 mm/s, over «K , eoed 
zones and operate in the oonduotion we,ding mode. User mtenerties . 1 10 
W/cm* to 6* 10« WW will remelt a zone reaohing up to 500,m beiow the 
surface Larger penetration depths nan be achieved by further reducng he 
' leasing peed or by preheating the article 1 prior to the me„ng o, the 
to a desired temperature in the range o, 500 - 1000X, e.g. wtf , a 
high freguency generator. On preheated articles, however, thermal grad,n 
are sJller and it is more di«cul, to meet the «V. criterion. On the other 
hand me risk of hot tearing defects during the whom operation ,s reduced. 

Hg. 2 shows as an exampie an apparatus for controlled laser metal forming 
on ,he surface 5 of the-art.de 1 according to me present mventron A lase 
Tearn 6 is moved over the surface 5 of the article 1 (or the article , ,s move 
re ,a.ive to the laser beam, thereby locally melting the surface 5 to tam - 
poo, 7 For coating or other laser metal terming applica«,ons matenal ,n the 
Z oi ]e, o, powder 8 with a carrier gas 9 by means of a feeder 10 or a wire 

to -he me,, poo, 7. Prom the melt poo, 7 an optica, s,gna, 13 . 
. ,,„uously captured and used for the determination of the temperature *. 
Ipelre fluctuations and existing temperature gradients as proper., o 

poo, 7. ,n one embodiment as seen in Hg. 2 the powder «n,ed,on 
1 b concentric with respect to the cone o, captured optica, signals 13 from 



the melt pool 7. 



25 



30 



A s seen from the Rg. 3. the information o, the optica, signal 13 ,s u ed a 
fee dback circuit within a centre, system 16 to adius, process partners h 
as the ,aser power by means of a controiler 19, me re,a„ve 
the ,aser beam 8 and the substrate, the „ow rate o, the earner ga 9 and m 
mass feed rate of the injected powder 8 by means of a controller 18 ,n a way 
Z desired melt poo, 7 properties are obtained. Per the method I « ^ reme m 
o, the surface 5 of the art,c,e one or a combination of the process parameter 
,aser power and/or the relative speed between the ,aser beam 6 and the 
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* 1 is used, subsequently the me,, poo, 7 solidifies as indicated in Rg. 2 w«h 
reference number 12. 

• j or i Hpnce defect-free, epitaxial growth ot tne ae 
creation of grain boundaries. 

The new metnod combines laser power delivery, — supp^nd process 
vice versa. 

• • I*, „f the laser focal spot using an imaging fibre bundle or a y 
" dTc CCD, camera tba. is equipped witb suable optica, Alters. 



30 analysed. 



The cone o, captured optical signals ,3 from tbe mel, pool ^J^Z 
i to the laser focussing cone. The symmetry ot this arrangem 

rirrt^-e, «j- - - — — — °- 
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complex shaped components. This leads to consistent high quality of the 
process. 

Fig. 3 shows the overall control system 16 for carrying out the invention. Be- 
5 sides a main process control 16 a controller 18 for controlling the feeder 10 
and the whole apparatus and a controller 19 for controlling the laser is pro- 
' vided. The temperature information is used for the adjustment of process 
parameters such as the laser power, the relative speed between the laser 
beam 6 and the article 1, the feed rate of the injected powder 8 with the carrier 
10 gas 9 or an injected wire. For the method of remelting of the surface 5 of the 
article only one or a combination of the process parameters laser power 
and/or the relative speed between the laser beam 6 and the article 1 is used. 
This automatic feed-back control of the laser power by means of the controller 
19 allows to establish a temperature field which is favourable for epitaxial 
15 growth. Moreover, the monitored optical signal 13 from the melt pool 7 allows 
to detect the onset of marangoni convection. Avoiding marangoni convection 
in the melt pool 7 will reduce the risk of hot tearing defects during solidification 
of the molten material. 

20 As seen in Fig. 3, the online feed back controller 19 of the laser power is de- 
coupled from the main process control 17 by means of a separate microproc- 
essor. This allows faster parallel processing in real-time, i.e. independent from 
the operating system. 

25 In another embodiment postprocessing of the optical signal 13 from the melt 
pool 7 is used for quality control: The analysis of the measured data allows to 
optimize process parameters such that a desired microstructure is obtained. 
Recording of monitoring signals serves also for documentation purposes and 
for ensuring consistent product quality. 



Moreover, dedicated commercially available software tools (e.g. LabView RT) 
with enhanced functionality can be used for the realisation of the control sys- 
tem 16. As a consequence loop times <10 ms and advanced PID control 
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features such as gain scheduling, which means the use of different sets of 
PID parameters in predefined temperature intervals can be realised. 

Fvamp jp nf the invention 

As an example of the invention as shown in Fig. 4 a 300 urn polycristalline 
surface layer (of plasma sprayed coating material) was remelted and trans- 
formed into an epitaxially solidified surface layer. The matched orientation of 
the (fine) dendrites in the remolten area can be seen. Laser parameters were: 
io P=220 W, v=1 mm/s, spot diameter. 2.5 mm. 

A second example of the invention is shown in Rg. 5, where a 550 um SX 
protection layer is deposited on a part made of SX turbine material. A subse- 
quent re-melting step re-melts the surface layer of the deposit and leads to a 
very smooth surface finish and improved quality of the microstructure. In th.s 
case process parameters were: P=270 W. v=2 mm/s, powder feed rate: 2.4 
g/min, laser spot diameter 1 .8 mm for the deposition step and P=240 W. v=4 
mm/s, laser spot diameter: 2.5 mm for the subsequent re-melting step. 
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Article, e.g. blades or vanes for gas turbines 
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Root portion 
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Melt pool 
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A method for controlled rowing of the surface (5) of an artide (1). the 
method comprising the steps of 

(a) moving a tight source and a signal capturing apparatus and the art,de 
(1) relative to each other, thereby 

(b) melting localiy the surface (S) of the article (1) using the light source 
with a specific power for forming a melt pool (7), 

(o) capturing an optical signal (13) from the melt pool (7) using the signal 

capturing apparatus, .... .„„ 

(C) using the monitored optica, signal (13) for the determ.nat.on of tem- 
perature and temperature fluctuations as properties of the melt pool (7). 

(e) using the information of the temperature and temperature fluctuations 
of the melt pool (7) from the optical signal (13) within a control system 
(16) in a feedback circuit to adjust as process parameters the laser 
power and/or the relative speed of the light source to article (1) such 
that desired melt pool properties are obtained and subsequently - 

(f) solidifying the melt pool (7). 

2. A method for controlled laser metal forming on the surface (5) of an article 
(1 ) the method comprising the steps of 

(a) moving a light source and a signal capturing apparatus and the art,cle 
(1) relative to each other, thereby 

(b) melting locally ate surface (5) of the artide (1) using (he light source 
with a specific power for forming a melt pool (7), 

(c) inieoting powder (8) wHh a carrier gas (9) or a wire into the melt pool 

(d) capturing an optical signal (13) from the meit poo, (7) using the signal 
capturing apparatus, 

,e) using the monitored optica, signal (13) for me determine.™ of tem- 
perature and temperature fluctuations as properties of the melt pool (7), 

« using the information of the temperature and temperature flotations 
of the melt pool (7) from the optica, signai (13) within a control system 
(1 6) in a feedback circuit to ad)ust as process parameters one or a 
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combination of the power of the light source, the relative speed be- 
tween the light source and the article (1), the mass feed rate of the 
added material and/or of the carrier gas (9) such that desired melt pool 
properties are obtained and subsequently 
(g) solidifying the melt pool (7). 

3 The method of claim 1 or 2, comprising the step of adjusting the process 
parameters such that melt pool properties are obtained to avoid columnar 
to equiaxed transition (CET) during solidification of the melt pool (7). 

4 The method of claim 1 or 2, comprising the step of adjusting the process 
parameters such that melt pool properties are obtained to avoid convect.on 
in the melt pool (7). 

5 The method of claim 2, wherein the article (1) consists of single-crystal 
(SX) or directionally solidified (DS) microstore comprising the step of 
adjusting the melt pool properties to obtain epitaxial material build-up wrth 
thermo-physical properties of the deposit matched to those of the article 

(D- 

6 The method of claim 1 or 2, wherein the surface (5) of the article (1) is 
' remelted in order to re-establish a single crystal (SX) microstructure or to 

transform a polycystalline surface layer into a single crystal (SX) structure. 

7 The method of claim 1 or 2, wherein the light source is moved in respect to 
the article (1) or the article (1) is moved in respect to the light source. 

8 The method of claim 1 or 2, wherein the light source power control is han- 
" died by a controller (19) with a different processor than that used for ma.n 

process control (17) within the control system (16). 

9. The method of claim 8. comprising the step of operating the light source 
power controller (19) in real time. 
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10. The method of claim 1 or 2, wherein gain scheduling is used for predefin- 
ing PID control parameters within the control system (16). 

11. The method of claim 1 or 2, wherein post-processing of the optical signal 
(13) from the molten (7) pool is used for quality control purposes, optimi- 
zation of process parameters and/or process documentation. 

12. The method of claim 1 or 2, wherein the captured optical signal (13) from 
the melt pool (7) is directed to a pyrometer (15). 

13. The method of claim 12, comprising the step of capturing the optical signal 
(12) from a region in the center of the melt pool (7), whereby the pyrometer 
(1 5) measurement spot is smaller than the light source spot. 

U.The method of claim 1 or 2, comprising the step of capturing the optical 
signal (13) by a fiber-coupled detector. 

15.The method of claim 1 or 2, comprising further the steps of 

(b) capturing an optical signal (13) from the centre and vicinity of the light 
source focal spot, 

(c) using an optical fiber or an imaging fibre bundle or a CCD camera to 
capture the optical signal (13), 

(d) using the optical signal (13) to determine the temperature at several lo- 
cations in the center and in the vicinity of the melt pool (7) and 

(e) using the information to determine temperature gradients in the light 
source interaction zone. 

16. The method of claim 2, wherein the powder (8) injection is concentric with 
respect to the cone of captured optical signals (13) from the melt pool (7). 

17. The method of claim 1 or 2, wherein the cone of captured optical signals 
(13) from the melt pool (7) is concentric with respect to the light source fo- 
cussing cone. 
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18. The method of claim 1 or 2, comprising the step of using a dichroitic mirror 
(14) that transmits light from the light source and reflects light of the optical 
signal (13) or vice versa. 

19. The method of claim 1 or 2, comprising the step of using a fibre coupled 
high power diode laser as light source. 

20. The method according to any of the claims 1 to 20, wherein the article (1) 
is a gas turbine component made from a nickel or cobalt base super alloy. 
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